Background and Purpose-T cells and their subsets modulate ischemic brain injury. We studied the effects of the absence of T cell subsets on brain infarction after in vivo stroke and then used an in vitro coculture system of splenocytes and neurons to further identify the roles of T cell subsets in neuronal death. Methods-Stroke was induced by middle cerebral artery suture occlusion in mice and infarct sizes were measured 2 days poststroke. Splenocytes were cocultured with neurons, and neuronal survival was measured 3 days later. Results-A deficiency of both T and B cells (severe combined immunodeficiency) and the paucity of CD4 or CD8 T cells equally resulted in smaller infarct sizes as measured 2 days poststroke. Although a functional deficiency of regulatory T cells had no effect, impaired Th1 immunity reduced infarction and impaired Th2 immunity aggravated brain injury, which may be due to an inhibited and enhanced inflammatory response in mice deficient in Th1 and Th2 immunity, respectively. In the in vitro coculture system, wild-type splenocytes resulted in dose-dependent neuronal death. The neurotoxicity of splenocytes from these immunodeficient mice was consistent with their effects on stroke in vivo, except for the mice with the paucity of CD4 or CD8 T cells, which did not alter the ratio of neuronal death. 
I nflammation-mediated brain injury is aggravated by both the innate and adaptive immune systems. 1 The innate immune response mainly involves macrophages and neutrophils, whereas the adaptive immune response is regulated by T cells and B cells. T cells consist of CD4 and CD8 (cytotoxic T or Tc) T cells. Based on the cytokine profiles and functionality, CD4 T cells are divided into Type 1 helper T cells (Th1), Th2 cells, and regulatory T (Treg) cells. 2 Although Th1 cells are proinflammatory, both Th2 cells and Treg cells are anti-inflammatory. 3 The adaptive immune system and innate immune cells may crosstalk to regulate brain injury.
The detrimental effects of macrophages and neutrophils in ischemic brain injury have been extensively studied. 4 -11 Macrophages, which are derived from brain resident microglia and/or circulating monocytes, are activated and recruited a few hours after stroke onset. Macrophages significantly exacerbate brain infarction. Neutrophils are also recruited into the ischemic brain and contribute to brain injury. Nevertheless, only a few groups have studied the roles of T cells and their subsets as well as functional subsets of CD4 T cells in ischemic brain injury. Hurn et al 12 showed T cell deficiency robustly reduced infarct size poststroke. Kleinschnitz et al 13 and Yalmaz et al 14 showed that the absence of CD4 T cells or CD8 T cells resulted in a similar reduction in infarct size as measured 1 day poststroke. In addition, Liesz et al 15 showed that Treg cells were responsible for late phase of infarction as measured at 1 week but not for acute infarction measured 1 to 3 days poststroke. Most recently, interleukin-4 deficiency in mice, which results in Th2 impairment, 16 led to a larger infarction measured at 2 days poststroke. 17 How Th1 deficiency affects brain injury has not been reported, and no studies have compared the deficiency of T cell subsets or functionally distinct CD4 T cell subsets on stroke-induced brain injury in a single experimental setting. We thus investigated these subsets and directly compared their effects on stroke.
Little is known about the protective or detrimental mechanisms of these distinctive T cell and CD4 T cell subsets in brain injury induced by stroke. T cells are recruited into the ischemic brain as early as 24 hours after stroke. 12, 14 However, whether physical contact between T cells and neurons causes neuronal death is unknown. To further identify T cell subsets critical to brain injury, we cocultured splenocytes and neurons in a coculture system, allowing direct contact between lymphocytes and neurons. We compared the effects on neuronal death of the splenocytes from mice with the deficiency in total lymphocytes, CD8 T cells, CD4 T cells, or functional distinct CD4 T cells subsets (Th1, Th2, or Treg cells). Moreover, we examined acute brain infarct sizes poststroke in these mice and compared differences between in vitro and in vivo results. Last, we investigated whether Th1 or Th2 deficiency affects brain injury by regulating the activity of innate immune cells such as macrophages and neutrophils in an in vivo experimental setting.
Materials and Methods

Animals
Mice from Jackson Laboratory (Bar Harbor, ME) were bred at the Stanford animal facility, except for the C57BL/6J wild-type (WT) mice. Immune-deficient animals used included severe combined immunodeficient (SCID) mice with a B6 genetic background, CD8 T cell-deficient mice (B6.129S2-Tap1 tm1Arp /J), CD4 T cell-impaired mice (B6.129S2-H2 dlAb1-Ea /J), Th1-impaired mice (B6.129S2-Mapk9 tm1Flv /J), Th2-impaired mice (C57BL/6-Il4 tm1Nnt /J), and Treg-impaired mice (B6.129X1-Ebi3 tm1Rsb /J). In addition, we used an enhanced green fluorescent protein mouse (C57BL/6-Tg[CAG-EGFP]131Osb/LeySopJ) for tracking whether splenocytes were washed away in coculture with neurons. All protocols were approved by the Stanford Institutional Animal Care and Use Committee and conducted according to the National Institutes of Health Guide for Care and Use of Laboratory Animals.
Stroke Model, Neurological Deficit Scores, and Cerebral Blood Flow Measurement
Male mice, 10 to 12 weeks old (25-30 g), were anesthetized with 2% isoflurane in 70% air and balanced O 2 using a face mask. Middle cerebral artery occlusion was induced by the insertion of a siliconecoated 6-0 monofilament (Doccol Corp, Redlands, CA) into the middle cerebral artery internal carotid artery for 1 hour followed by reperfusion, as described. 17 Rectal temperature was maintained at 37Ϯ0.5°C with a heating pad (Harvard Apparatus, Holliston, MA). Heart rate, oxygen saturation, and respiratory rate were monitored continuously (STARR Life Sciences Corp, Allison Park, PA). Animals with no observable deficits immediately after ischemia, those that died within 48 hours, and those with subarachnoid hemorrhage at the time of death were excluded from analysis. Brains were sectioned coronally after 48 hours into 4 slices and stained in 2% 2,3,5-triphenyletrazolium chloride. Infarct size was analyzed, normalized blindly to the nonischemic hemisphere, and expressed as a percentage and corrected for edema using the National Institutes of Health Image program (Image J 1.37v). Neurological deficit scores were evaluated at 48 hours according to a neurological grading score 18 from 0 (no observable neurological deficit) to 4 (unable to walk spontaneously and a depressed level of consciousness). The evaluator was blinded to experimental treatments. In separate animals, regional cerebral blood flow was monitored through a microtip fiberoptic probe (diameter 0.5 mm) connected through a Master Probe to a laser Doppler computerized main unit (PerFlux 5000; Perimed AB, Stockholm, Sweden). A small incision was made at the coordinate 1 mm caudal to the bregma and 3.3 mm lateral to the midline in the ischemic hemisphere to expose the skull, and the laser Doppler probe was attached to the exposed skull. Cerebral blood flow was measured 10 minutes before ischemia onset, during (30 minutes after stroke onset) ischemia, and 5 minutes after reperfusion. All data were normalized to the values of cerebral blood flow measured before stroke in WT animals and expressed as relative ratios.
Coculture of Pure Cortical Neurons or Mixed Neurons and Astrocytes With Splenocytes
A primary cortical neuronal culture (purity of neurons were Ͼ99%) was conducted as described previously. 19 Cortex from fetal Swiss Webster mice (Charles Rivers, Wilmington, MA) at 15 days gestation was dissected, collected, and digested in 0.25% trypsin with EDTA (Invitrogen, Carlsbad, CA). Cells (4.5ϫ10 5 /mL) were planted at 200 L/well in 96-well plates and incubated at 37°C, 5% CO 2 . After 26 to 30 hours, 60% of the plating medium was replaced by glia conditioned medium with B-27 serum-free supplement. Cytosine arabinoside (3 mol/L) was added to inhibit glial cell proliferation. Cells were continuously incubated without further medium changes until used for coculture with splenocytes at 9 days in vitro.
To generate mixture of neurons and astrocytes primary culture, astrocyte cultures were first prepared as previously described. 20 Briefly, cortices freed of meninges were dissected from newborn (Days 1-3) Swiss-Webster mice, minced, and treated with 0.25% trypsin with EDTA (Invitrogen) for 40 minutes at 37°C in a water bath. The cells were resuspended in Dulbecco's modified Eagle's medium containing high-glucose, L-glutamine and supplemented with 10% equine serum, 10% fetal bovine serum, and 10 ng/mL epidermal growth factor (Sigma-Aldrich, St Louis, MO) and pipetted to a single-cell suspension. The cell suspension (200 L/well) was plated in Falcon Primaria 96-well plates (Becton-Dickinson, Franklin Lakes, NJ) at a density of 2 hemispheres/10 mL. On Day 10 to 11, when the astrocytes were 100% confluence, the medium was changed to high-glucose Dulbecco's modified Eagle's medium with 10% equine serum. On Day 14, after completely removing the astrocyte growth medium, cortical neurons were dissected and planted on the astrocyte monolayer by 0.9ϫ10 5 /well in Dulbecco's modified Eagle's medium supplemented with 5% equine serum and 5% fetal bovine serum. Cells were then 1/2 fed by this medium twice per week. On Day 9 of the neuronal-astrocyte culture, cells were cocultured with splenocytes.
To prepare the splenocyte cultures, mouse spleens were chopped into small pieces, homogenized, filtered through a 70-m strainer twice, and recovered to a 50-mL solution. The solution was centrifuged at 1200 rpm for 5 minutes at room temperature. After removal of the supernatant, 5 mL ACK Lysing buffer (GIBCO; Invitrogen) was added to the cell sediment to lyses erythrocytes. After incubation for 5 minutes at room temperature, RPMI1640 was added to stop the lyses reaction and centrifuged at 1200 rpm for 5 minutes at room temperature. The cell pellet was resuspended in 5 mL Dulbecco's modified Eagle's medium (Invitrogen) and counted.
Splenocytes were added into pure neuronal cultures or mixed neuron cultures on Day 9 after they were prepared. The coculture system was incubated for another 72 hours. Splenocytes were removed completely by repeated wash and 100 L Dulbecco's modified Eagle's mediumϩ5% ES was added to each well. Next 10 L CCK-8 solution was added to each well and incubated at 37°C, 5% CO 2 for 1.5 hours. The absorbance at 450 nm was measured by a microplate reader with reference wavelength at 650 nm.
Immunofluorescent Staining
Ischemic or sham-operated mice 48 hours after stroke onset were euthanized with an overdose of isoflurane and perfused with icy phosphate-buffered saline and then embedded in optical cutting temperature tissue frozen medium. The brain was cut into 5-m sections and fixed with cold acetone. Immunofluorescent staining was carried out under moderate shaking. All washes and incubations were done in 0.1 mol/L phosphate-buffered saline (pH 7.4). Sections were incubated for 1 hour with blocking solution (0.1 mol/L phosphate-buffered saline, 5% equine serum). After washes, sections were incubated overnight at 4°C with rat antimouse primary antibody for CD68 (diluted 1:200; MCA1957GA; AbD Serotec, Kidlington, Oxford, UK), a marker for reactive macrophages/microglia, or a rabbit antihuman my-eloperoxidase antibody (MPO, diluted 1:50, #A0398; Dako North America, Inc, Carpinteria, CA). Sections were then rinsed and incubated for 2 hours at room temperature with an Alexa 488-conjugated goat antirabbit (for MPO) or Alexa 488-conjugated goat antirat (for CD68-positive macrophages/microglia, diluted 1:200; Invitrogen) secondary antibodies. The sections were then washed and covered using Vectashield mounting medium with 4Ј, 6-diamidino-2-phenylindole (Vector Laboratories, Burlingame, CA). A negative control without primary antibodies was performed in parallel.
The expression of CD68 or MPO was investigated using the optical fractionator method on epifluorescent photomicrographs (Zeiss axiovert inverted scanning microscope; Zeiss). For each animal, 3 sections were chosen for an average value per mouse and the number of immunoreactive cells (for both CD68 and MPO) in the predefined infarct area was counted using Image J software (Image J 1.37v; Wayne Rasband, available through National Institutes of Health). All counts were performed on coded sections to blind the investigator to the treatment group.
Statistics
All results were presented as meanϮSEM. Statistical analyses were performed by analysis of variance followed by the Student-NewmanKeuls post hoc test. Tests were considered significant at probability values Ͻ0.05. 
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Results
Distinctive Effects of the Deficiency of T Cell Subsets or CD4 T Cell Subsets in Ischemic Stroke In Vivo
We measured changes in cerebral blood flow during stroke and after reperfusion. Cerebral blood flow was reduced to approximately 27% at the measured cortex and recovered to approximately 87% after reperfusion compared with that before stroke. These values were not significantly different in mice with the deficiency in either T cell subset or functional CD4 T cell subset (Table) . Infarct sizes were measured 2 days after stroke. A deficiency of both T cells and B cells, CD4, or CD8 T cells resulted in similarly reduced infarct sizes ( Figure 1A) . For CD4 T cell subsets, Th2 deficiency aggravated infarct size and Th1 deficiency inhibited infarct size. The functional deficiency of Treg, however, did not affect infarct size ( Figure 1B) . Changes in neurological scores after stroke in these animals were consistent with infarct sizes (Figures 1C and 1D ).
Th1 Deficiency Inhibited, Whereas Th2 Deficiency Promoted the Inflammatory Response
We examined the effects of Th1 or Th2 deficiency on macrophage and neutrophil activity 2 days after stroke. Immunostaining showed robust protein expression of CD68, the macrophage activity marker, and MPO, the neutrophil activity marker, in the ischemic brains of WT mice ( Figure  2A) . However, Th1 deficiency inhibited, whereas Th2 deficiency promoted their expression ( Figure 2B ).
The Neurotoxicity of Splenocytes In Vitro
We used the CCK-8 kit to measure neuronal survival after washing away cocultured splenocytes in vitro. To confirm that splenocytes were completely removed before measuring neuronal survival, we added enhanced green fluorescent protein-positive splenocytes into cultured pure neurons to prove that almost all enhanced green fluorescent proteinpositive splenocytes were removed from the coculture after washing ( Figure 3C ). This ensures that measured cell survival was exclusively derived from the neurons.
We determined the optimal ratio of splenocytes to neurons being able to induce neuronal death. Addition of splenocytes to the culture of pure neurons resulted in a dose-dependent neuronal death ( Figure 3A) . For the remaining experiments, we selected the ratio of 1:5 (neurons:splenocytes), which resulted in approximately 40% neuronal death. We then added splenocytes to a mixed culture of neurons and astrocytes to test for neuron/astrocyte death using the same ratio of 1:5. In this case, splenocytes did not cause cell death. (Figure 3B ).
We further investigated the effects of splenocytes from several immunodeficient animals on cultured neurons. The results show that splenocytes from SCID mice, but not from CD4-or CD8-deficient mice, resulted in less neuronal death compared with splenocytes from WT mice ( Figure 4A ). Th1-deficient splenocytes caused less neuronal death, whereas Th2-deficient splenocytes significantly aggravated neuronal death. Splenocytes from functional Treg-deficient mice had no effect ( Figure 4B ). 
Discussion
To the best of our knowledge our study is the first to systemically examine the effects of splenocytes and several immunodeficiency on neuronal death in an in vitro coculture system, which offers a valuable method to study the effects of lymphocytes on neuronal death. We found that WT splenocytes killed neurons in the pure neuronal culture in a dose-dependent manner. WT splenocytes at a ratio of 1:5 (neuron:lymphocytes) resulted in approximately 40% neuronal death. Nevertheless, WT splenocytes did not cause cell death when cocultured with the mixture of astrocytes and neurons, suggesting that astrocytes may play a protective role Figure 3 . The establishment of the co-culturing system of splenocytes with pure neurons. A, Splenocytes dose-dependently caused neuronal death in pure neuronal culture. Splenocytes were added to pure neuronal culture according to a series of ratios of neurons to splenocytes, from 1:0.4 to 1:10. Higher concentrations of splenocytes resulted in more neuronal death. Neuronal survival was measured by the CCK-8 kit 3 days after co-culturing, and transformed into a ratio of neuronal death. B, Splenocytes did not cause cell death in mixed neuron and astrocyte culture with the ratio of 1:5 (mixed neurons and astrocytes:splenocyts). Note that survival ratio was not transferred into a ratio of neuronal death in this part of the figure. C, The microscopy study suggests that splenocytes were washed away from the co-culture system before neuronal survival was measured. To confirm that splenocytes were removed before measuring neuronal survival, EGFP positive splenocytes were added to pure neuronal culture. Pictures were taken 3 days later before or after wash. The phase contrast image shows that neurons (arrows) and lymphocytes (arrow heads) co-existed in the culture. The EGFP fluorescent image further shows that EGFP positive lymphocytes existed in the culture before wash. However, after wash with media, almost all EGFP splenocytes were washed away, and only MAP-2 positive neurons were remained. The picture taken from the culture with vehicle treatment without lymphocytes shows higher densities of MAP-2 positive neurons than the one treated with lymphocytes. Scale bar, 20 m. against lymphocyte-induced neuron death, which is consistent with many previous studies on the neuroprotective effects of astrocytes. Using an in vitro coculture system with pure neurons, we found that splenocytes from SCID mice, but not from the mice with the paucity of CD4 or CD8 T cells, resulted in less neuronal death compared with WT splenocytes. We also found that neuronal death was inhibited by Th1 deficiency, enhanced by Th2 deficiency, and unaltered by functional deficiency of Treg cells.
The in vitro results are largely consistent with the in vivo pathological outcomes, except for that the paucity of CD4 T cells and CD8 T cells in mice resulted in equal reductions in infarct sizes in vivo. The underlying mechanisms for this discrepancy between in vitro and in vivo experiments are unknown. Major factors contributing to the in vitro setting may include different physical interactions between neurons and T cells, various cytokine releases, the lack of ischemia, or the absence of in situ reactions of microglia and other cell types. However, our in vitro data may suggest that the direct physical contact of CD4 T cells or CD8 T cells with neurons is not critical for their detrimental effects. CD4 T cells and CD8 T cells may indirectly affect ischemic brain injury by altering the functions of macrophages, the final direct effectors on neuronal death in vivo. In addition, we found that functional deficiency of Treg cells did not alter neuronal death and acute infarction both in vitro and in vivo; these results are consistent with previous reports. 15 We demonstrated the first evidence that Th1 cell deficiency resulted in a robust reduction in infarct size and neuronal death in vivo and in vitro. A previous study showed that the interleukin-4 deficiency in mice resulted in a larger infarction, suggesting that the Th2 response is neuroprotective. 17 Both Th1 and Th2 are subsets of CD4 T cells. Th1 is proinflammatory by polarizing macrophages into classical activated macrophages (M1), whereas Th2 is antiinflammatory by polarizing alternative activated macrophages (M2). 21 In our study, it appears that Th1 deficiency resulted in even smaller infarct sizes than CD4 T cell deficiency, although significance is not reached. This is understandable because in Th1-deficient mice, the proinflammatory effect of Th1 was abolished, whereas the antiinflammatory effects of Th2 remained. However, both proand anti-inflammatory factors are depleted in animals with CD4 T cell deficiency. Indeed, we found that Th1 deficiency reduced, whereas Th2 deficiency promoted the inflammatory response, as evidenced by the differential protein expression of CD68 and MPO in the ischemic region after stroke in Th1-and Th2-deficient animals.
In conclusion, both in vitro and in vivo studies suggest distinctive effects of T cell subsets as well as CD4 T cell subsets in ischemic brain injury. The distinctive effects of the Th1 versus Th2 response in inflammation indicate selective therapeutic targets for stroke treatment.
